An operationally friendly, two-step, one-pot process has been developed for the rapid synthesis of carbon-11 labeled indole-3-acetic acid ([ 11 C]IAA or [ 11 C]auxin). By replacing an aprotic polar solvent with tetraethylene glycol, nucleophilic [ 11 C]cyanation and alkaline hydrolysis reactions were performed consecutively in a single pot without a time-consuming intermediate purification step. The entire production time for this updated procedure is 55 min, which dramatically simplifies the entire synthesis and reduces the starting radioactivity required for a whole plant imaging study.
Introduction
Auxins are important plant hormones that play an essential role in plant cell growth and are involved in a wide variety of developmental processes, including initiation of leaf primordia, apical dominance, phototropism, fruit development, and lateral root production. 1 Indole-3-acetic acid (IAA) is the most common and potent among naturally occurring auxins. 2 Although IAA was structurally characterized in the 1930s, its translocation in the whole plant in response to growth and environmental stimuli is still not completely understood. 3 Positron emission tomography (PET) has been used as an efficient tool to monitor the translocation of plant signaling molecules and carbon and nitrogen resource distribution in real time via in vivo imaging of whole plants. [4] [5] [6] [7] [8] The use of PET to study plant metabolism has stimulated the development of rapid synthetic procedures for the radiosynthesis of PET radioisotope (e.g. carbon-11: t1/2 = 20.4 min, nitrogen-13: t1/2 = 10 min.) labeled small organic radiotracers designed to study plant metabolism and signaling pathways. [9] [10] [11] Most radiotracers for plants, with the exception of the radioactive gases (e.g. 11 CO2, 13 NH3, 13 N2), require formulation in appropriate vehicles and volumes for administration to roots and leaves. We previously reported the radiosynthesis of Indole-3-[ 11 11 In the past year, we further polished the original synthesis method and also developed a reliable and remotely controllable formulation method to support our routine production of [ 11 C]IAA which is concentrated enough for in vivo plant imaging purposes (0.2 -0.4 GBq/0.15 -0.3 mL , Scheme 1). 12 However, the total production time with this method ranges from 80 -85 min, which is four halflives of carbon-11. In order to compensate for the radioactive decay due to the long radiosynthesis and formulation times and assure enough radioactivity for a plant imaging study, previous production generally required a 15 -25 GBq of starting H 11 CN radioactivity. The large amount of starting radioactivity and considerable handling during formulation resulted in unacceptably high With the aim of developing an efficient radiosynthesis method, i.e. the total process time at 60 min or less (rule-of thumb of carbon-11 labeled radiotracer production: overall time < 3 half-lives),
as well as reducing radiation exposure to the production radiochemists, we, herein, report our recent research improving the radiosynthesis of [ 11 C]IAA: a simplified two-step, one-pot method with a significant reduction of total process time and amount of starting radioactivity. (Table 1 , Entry 1). We then carried out a series of radiosynthesis experiments utilizing this two-step, one-pot strategy.
Results and discussion

Scheme 2. Scheme of designed two-step-one-pot method
Hoping to improve the yield of the [ 11 C]cyanation reaction, ethanol was replaced with ethylene glycol (EG) and a higher reaction temperature (145 ℃) was tested and the results showed that these changes clearly benefited the reaction (Entry 2). At this moment, another alcoholic solvent, tetraethylene glycol (TEG), was brought to our attention because it showed very good compatibility with nucleophilic substitution reactions. 14 Presumably, this bis-terminal hydroxyl oligoether can act as a general SN2 reaction promoter by chelating with metallic cations and decreasing their interaction with the anion. Therefore, the nucleophilicity of an anion, such as cyanide ion, will be greatly enhanced. The next radiolabeling experiment, in which TEG and water were used as solvents, provided very promising results and the yield of [ 11 C]cyanation reaction dramatically improved to 68% (Entry 3). The overall yield of entire synthesis process, however, was still not adequate. An additional experiment showed that a shorter reaction time was better for the [ 11 C]cyanation reaction (Entry 4). The more meaningful result was that the overall yield sharply increased to 38% by increasing the base concentration (from 2 mmol to 3 mmol) and water volume in the hydrolysis step. At this stage, we investigated the effect of temperature on the 5 Sojeong Lee et.al.
[ 11 C]cyanation reaction. The lower reaction temperature was less favored since it decreased the reaction yield (Entry 5). Increased temperature did not benefit the reaction, either (Entries 6 -7).
When water was removed entirely from the [ 11 C]cyanation reaction, the yield clearly dropped (Entry 8). When only a small portion of water (0.02 mL) added, the [ 11 C]cyanation reaction yield increased to 81% (Entry 9). We speculate that the addition of water helped to dissolve the K2CO3 salt and that bringing potassium cation into the reaction system improved the solubility of reported method. 11, 12 In order to assure adequate resolution for purification of the final product During the experimental process (Table 1 , Entry 3), we found that a small amount of water condensed at the top of the reaction vessel. We attributed the removal of H2O from the reaction mixture as the main cause of the low overall reaction yield (3%). On one hand, it decreased the amount of H2O for the hydrolysis reaction; on the other hand, it clearly increased the concentration of NaOH, which could possibly cause more side reactions. After increasing total water amount to 0.6 mL, better reflux was observed and overall reaction yield was dramatically improved ( With the optimized [ 11 C]cyanation reaction conditions in hand, we further scrutinized the alkaline hydrolysis conditions by fine-tuning several reaction parameters including the base strength, reaction time and reaction temperature ( Table 2 , Entries 10 to 15). The results showed that the combination of 0.75 mL of H2O, 4 M NaOH and 8 min reaction time increased the hydrolysis reaction yield to 55% (Table 2 , Entry 15). In addition to NaOH, LiOH, which could be a mild basic hydrolysis agent, 16 was also tested for the alkaline hydrolysis reaction and only gave 31% yield and so is less favored for this reaction ( Table 2 , Entry 16). radioactivity collected in reaction vessel) and was 18.9 ± 6.4% (calculated from 11 CO2 radioactivity generated from a two-min cyclotron beam). The radiochemical purity of final product was 98% and the specific activity of final product was 47.4 ± 12.5 GBq/μmol. The complete processing time, calculated from end of bombardment (EOB) to the end of formulation, ranged from 55 to 60 min. In summary, we successfully developed a two-step, one-pot method for routine production of 
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